Detailed organic geochemical investigations have been performed on sediment samples from upwelling Site 658 and nonupwelling Sites 657 and 659. The major objective of this study has been the relationship between organic carbon accumulation and paleoclimatic and paleoceanographic conditions in the upwelling area off northwest Africa during late Cenozoic times. The study is based on results from organic carbon, nitrogen, and hydrogen analyses, Rock-Eval pyrolysis, kerogen microscopy, gas chromatography, and gas chromatography/mass spectrometry.
INTRODUCTION
During Leg 108 of the Ocean Drilling Program (ODP), Sites 657 to 661 were drilled on the northwest African continental margin between 21°N and 10°N at water depths between about 2270 and 4330 m (Fig. 1) . One of the major objectives of Leg 108 was to investigate the evolution of Cenozoic paleoclimate and paleoceanography in the eastern subtropical Atlantic. This study concentrates on the quantity and quality of organic matter deposited at Sites 657, 658, and 659. Detailed studies of Organofacies types in marine sediments may provide impor tant information about the provenance of the organic matter, its mode of transportation, and the depositional environment (Arthur et al., 1984; Rullkotter and Mukhopadhyay, 1986; Stein et al., 1986; Summerhayes, 1986 ). This information is useful for a reconstruction of paleoclimate and paleoceanic circulation in the Atlantic Ocean.
Site 657 (21°19.89'N, 20°56.93'W; water depth, 4227 m) is located on the lower continental rise 380 km west of Cap Blanc, outside the present-day influence of coastal upwelling (Fig. 1) . The 178-m sediment sequence of Miocene to Ho-1 Ruddiman, W. S., Sarnthein, M., et al., 1989. Proc. ODP, Sci. Results, 108: College Station, TX (Ocean Drilling Program) .
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3 Institut fur Erdol und Organische Geochemie (ICH-5), KFA Julich, Postfach 1913, D-5170 Julich, Federal Republic of Germany. locene age recovered can be divided into two lithologic intervals. The Pliocene to Pleistocene interval consists of light-colored nannofossil ooze alternating with darker colored greenish gray, silt-bearing ooze. Two distinct slumps and several turbiditic sequences are intercalated (Ruddiman, Sarn thein, et al., 1988; Faugeres et al., this vol.) . The late Miocene interval, separated from the overlying interval by a hiatus of about 1.5 m.y. (Fig. 2) , is dominated by brownish nannofossilbearing and barren clay/silty clay. The sedimentation rates at Site 657 vary between 20 and 45 m/m.y. in the PliocenePleistocene and between 2.5 and 7 m/m.y. in the Miocene ( Fig. 2 ; Ruddiman, Sarnthein, et al., 1988) .
Site 658 (20°44.95'N, 18°34.85'W; water depth, 2263 m) was drilled on the continental slope 160 km west of Cap Blanc, underneath a major coastal upwelling cell ( Fig. 1 ; Shaffer, 1976; Tomczak and Hughes, 1980) . The 300-m sequence of lower Pliocene to Holocene hemipelagic sedi ments is characterized by cyclic changes between light nannofossil ooze and olive to gray calcareous, siliceous, and siliciclastic sediments. Organic carbon contents reach val ues of up to 4%. Mean sedimentation rates vary between 72 and 147 m/m.y. (Fig. 2) .
Site 659 (18°04.63'N, 21°01.57'W; water depth, 3070 m) is located on top of the smooth Cape Verde Plateau, northeast of the Cape Verde Islands (Fig. 1) . The 273.8-m sequence consists of Miocene to Holocene pelagic sediments character ized by cyclic changes between light gray nannofossil/foraminifer-nannofossil ooze and yellowish brown silty nannofos sil ooze. The amplitude of variation is less pronounced in the 
FACTORS CONTROLLING DEPOSITION OF ORGANIC-CARBON-RICH SEDIMENTS
In general, modern marine sediments are organic carbon lean rather than organic carbon rich. A typical recent deep-sea sediment has an organic carbon content as low as about 0.2% (McIver, 1975) . However, intervals are known in the geolog ical record in which organic-carbon-rich sediments are much more common and widespread, for example, the Cretaceous black shales in the Atlantic Ocean (Schlanger and Jenkyns, 1976; Arthur et al., 1984; Stein et al., 1986) . The deposition of these organic-carbon-rich sediments requires special environ mental conditions, the most important of which are the following:
1. oxygen-deficient environments resulting in increased preservation of organic carbon (e.g., the modern Black Sea; Degens and Ross, 1974) ; 2. areas characterized by high productivity of organic matter (e.g., upwelling areas; Thiede and Suess, 1983) ; 3. areas with an increased supply of terrigenous organic matter (e.g., Baffin Bay; Stein et al., 1989) ; 4. areas with high bulk sedimentation rates resulting in the rapid burial of organic matter (e.g., in turbidites; Arthur et al., 1984) .
Three of these factors, the influences of high oceanic productivity, supply of terrigenous organic matter, and tur bidites, can be studied in the sediments off northwest Africa. Thus, not only should investigations of these Neogene to Quaternary sediments yield information about the evolution of the paleoenvironment off northwest Africa, but the results of these investigations may also give a more general model for the deposition of organic-carbon-rich sediments in upwelling environments. This might help to understand the origin of Cretaceous black shales and other fossil organic-carbon-rich strata.
METHODS
The organic geochemical methods used in this paper are summa rized in Figure 3 .
Organic and inorganic carbon and total nitrogen were determined using a HERAEUS CHN-Analyzer. In addition, several carbon analyses were performed with a LECO IR-112 Carbon Analyzer (for details and a comparison of organic carbon data derived from both instruments, see Stein et al., 1989) . For a selected set of samples, hydrogen and carbon were measured in kerogen concentrates by means of the HERAEUS CHN-Analyzer in order to obtain atomic hydrogen/carbon (H/C) ratios.
Rock-Eval pyrolysis was performed according to the method described by Espitalie et al. (1977) .
Kerogen microscopy analyses were carried out after kerogen concentration by treating the samples successively with HC1 and HF in order to remove carbonates and silicates, respectively (Durand, 1980) . The washed and dried material was embedded in a resin. After polishing the resulting blocks, maceral analyses were performed on these blocks by a two-scan method in reflected light and in a fluorescence mode (cf. Littke, 1987) . The macerals were classified according to the nomenclature described by Stach et al. (1982) and Hutton et al. (1980) . For maturity assessments, vitrinite reflectances were measured on particles larger than 10 /urn (A = 546 nm, oil immersion; see Stach et al., 1982) .
Gas chromatography and gas chromatography/mass spectrometry of extracts from selected samples were performed as described by ten Haven et al. (this vol.) .
Mass accumulation rates (MAR) were calculated according to van Andel et al. (1975) with physical property and sedimentation rate data from Ruddiman, Sarnthein, et al. (1988) , as follows:
where MAR = mass accumulation rates (g • cm -2 • 1000 yr~'); TOC = total organic carbon (wt%); LSR = linear sedimentation rates (cm • 1000 yr _1 ); WBD = wet-bulk density (g • cm -3 ); and PO = porosity (%).
For Site 658, we used the detailed record of sedimentation rates based on oxygen isotopes derived by Sarnthein and Tiedemann (this vol.) .
Surface-water paleoproductivity was estimated with the following equation:
where P = paleoproductivity (gC • m -2 • yr _1 ); C = (marine) organic carbon (wt%); WBD = wet-bulk density (g • cm -3 ); SR = sedimentation rate (cm • 1000 yr -1 ); PO = porosity (%); and DEP = paleowater depth of seafloor in meters.
This formula is based on the relationships among organic carbon accumulation rates in surface sediments, sedimentation rates, water depths, and measured (recent) surface-water productivity from the central Pacific, the continental margins off northwest Africa, north west and southwest America, and the Argentine Basin areas (Muller and Suess, 1979; Betzer et al., 1984) . For a detailed deduction and limits on the use of the equation, see Stein (1986) .
The amounts of quartz and nonquartz siliciclastics (mainly clay minerals and feldspars) are determined by X-ray diffractometry (XRD; method and data list in Tiedemann et al., this vol.) . Mean sedimentation rates based on shipboard data (Ruddiman, Sarnthein, et al., 1988) .
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RESULTS
Quantity of Organic Matter
The entire sediment sequence of upwelling Site 658 is characterized by high TOC values ranging between about 0.5% and 4% (Fig. 4 and Table 1 ). Such values are higher than those recorded in normal open-marine environments. During upper Pliocene times (below 100 mbsf), TOC values vary between 1% and 4%; during the Pleistocene (above the hiatus at about 100 mbsf), however, lower TOC contents of 0.5%-2.5% are typical (Fig. 4) . Throughout the entire section, high-amplitude, short-term fluctuations in organic carbon oc cur. These cyclic variations have periods between about 20,000 to 100,000 yr, as shown in greater detail in Figure 4 for three time intervals. The absolute maximum TOC values are separated by about 10 m, which corresponds to about 100,000 yr, based on mean sedimentation rates (Fig. 2) . The sediments at nonupwelling Sites 657 and 659 are characterized by low TOC contents, with values between 0.05% and 0.5% during Pliocene-Pleistocene times and below 0.1% during late Miocene times (Fig. 5 and Table 2) . These values are typical for modern open-marine environments (McIver, 1975) . At Site 657, four events with high TOC contents of l%-3% are recorded (Fig. 5) . Three of these intervals are from turbiditic sequences, and the fourth is from a slump deposit.
Because changes in the percentage values of TOC can result from changes in both organic carbon supply and depo sition of mineral matter (mainly carbonate and siliciclastic material), TOC percentage values from Sites 658 and 659 were transformed into mass accumulation rates of organic carbon (see "Methods" section, this chapter). This procedure was not performed on TOC data from Site 657 because of the repeated occurrence of turbidites (cf. Faugeres et al., this vol.) . With these mass accumulation rates, dilution effects by mineral matter can be excluded, and the organic carbon data can be interpreted in terms of changes in supply and/or preservation of organic matter.
At Site 658, the accumulation rates of organic carbon vary between 0.05 and 0.5 gC • cm" 2 • 1000 yr" 1 (Fig. 6 ). Higher values of -0.3-0.5 gC • cm -2 • 1000 yr _1 are found between 3.5 and 3.1 Ma, and between 2.4 and 1.6 Ma values between 0.1 and 0.2 gC • cm -2 • 1000 yr -1 occur. During the last 0.7 Ma, high-amplitude variations of organic-carbon accumulation rates between 0.05 and 0.35 gC • cm -2 • 1000 yr _1 are typical (Fig. 6) .
At Site 659, mass accumulation rates of organic carbon are one order of magnitude lower (Fig. 6 ). They vary between 0.003 and 0.01 gC • cnr 2 • 1000 yr" 1 during the last 4.5 Ma. In the upper Miocene, extremely low accumulation rates around 0.002 gC • cm -2 • k.y.
-1 have been recorded (Fig. 6) .
Quality of the Organic Matter
To determine the factors controlling the deposition of organic carbon in a specific environment, it is necessary to know the amounts of marine and terrigenous organic carbon. Based on TOC data only, a reconstruction of the depositional history of organic carbon is of very limited significance.
In this study, the amounts of marine and terrigenous organic carbon have been estimated by a joint application of different analytical methods: Rock-Eval pyrolysis, C/N ratios, kerogen microscopy, gas chromatography, and gas chroma tography/mass spectrometry. The use of different independent methods to qualify the organic matter is important because factors other than the primary source may also influence the organic matter composition. Thus, additional information Table 1 ). Open triangles mark absolute TOC maxima. Based on mean sedimentation rates, the distance between triangles is about 100,000 yr. On the right-hand side, three intervals are shown enlarged to indicate short-term fluctuations.
about the stage of maturity (diagenesis) is helpful for the interpretation.
Rock-Eval Pyrolysis
Hydrogen and oxygen index values derived from Rock-Eval pyrolysis are shown in Figure 7 . The data suggest that most of the organic matter in sediments from Site 658 is a mixture of kerogen types II and III, a mixture of marine and terrigenous material. The unusually high oxygen indexes may result from significant amounts of labile organic matter (e.g., sugars, pro teins) still present in immature marine sediments. Throughout the entire sequence, most of the hydrogen index values are relatively high and vary between 200 and 400 mgHC/g C org (Fig.   8 ), suggesting that a major portion of the organic matter may have been derived from marine algae, phytoplankton, zooplankton, and bacteria. Rough estimates of the amount of marine organic carbon based on the hydrogen indexes vary between about 40% and 80% (Table 1, col. 7; estimates based on the correlation between hydrogen indexes and maceral composition shown for DSDP sediments in Stein et al., 1986) .
In the pelagic sediments of Sites 657 and 659, hydrogen index values are significantly lower, ranging between about 50 and 120 mgHC/g C OIB (Tables 3 and 4 ; open squares in Fig. 7) . The slump deposit sediments at Site 657 are characterized by hydrogen in dexes very similar to those measured for sediments from Site 658 (160-320 mgHC/C OIB ; open circles in Fig. 7 ; Table 3 ). 108-658A- 19X-3, 19X-4 19X-4 19X-5 19X-5 19X-6 19X-6 19X-7, 19X-7, 20X- -6   38  120  34  84  40  37  84  41  39  110  38  120  10  40  54  40  40  71  46  38  45  55  47  100  40  119  123  126  48  108  40  56  40  126  35  40  64  18  34  76  52  90  14  63  130  40  76  17  113  18  38  58  44  88  100  33  46  26  17  8  41  118  123  126  38  120  40  69  40  49  38  ,65  , -6   60  21  41  30  49  91  96  76  84  47  69  84  86  5  30  39  30  34  30  36  10  43  40  68  48  102  103  60  120  41  86  18  100  120  26  68  48  62  40  120  47  120  37  115  043  120  37  110  118  28  92  30  37  32  97  124  38  39  101  40  56  39  56  42  44  26  38  44  44  50  45  54  40  49  48  119 Note: CaC0 3 = carbonate content; C tot = total carbon; C org ' = total organic carbon as weight percent of the carbonate-free sample; C org = total organic carbon as weight percent of the whole sample; MOM = the amount of marine organic carbon in percent of the total organic carbon; N tot = total nitrogen; C/N = organic carbon/total nitrogen ratios; HI = hydrogen index; OI = oxygen index; and T max = temperature of maximum pyrolysis yield. (MOM = rough estimates based on the correlation between hydrogen indexes and the maceral composition shown for DSDP sediments in Stein et al., 1986.) 657 Note: C org = total organic carbon as weight percent of the whole sample; HI = hydrogen index values (in mgHC/gC); T max = temperatures of maximum pyrolysis yield ( C C); N tot = total nitrogen; and C/N = organic carbon/total nitrogen ratios. 
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Organic Carbon/Nitrogen Ratios
Different groups of organisms produce organic matter with different carbon and nitrogen contents. The mean organic carbon/nitrogen (C/N) ratio of marine zooplanktons and phytoplanktons is about 6, whereas higher land plants are char acterized by C/N ratios of more than 15 (Bordowskiy, 1965a (Bordowskiy, , 1965b Scheffer and Schachtschabel, 1984) . Thus, C/N ratios of deep-sea sediments may give some information about the composition of organic matter preserved in these sediments.
At Site 658, C/N ratios vary between 5 and 30, with most values between 6 and 15 (Figs. 8 and 9 and Table 1 ). Slightly lower values were found in sediments representing the upper most 0.7 Ma (Fig. 8) , suggesting some higher amounts of marine organic carbon in these sediments. Thus, the C/N ratios also indicate that a mixed marine/terrigenous type of organic matter (C/N ratios around 10) is dominant in Site 658 sediments. However, samples with a higher marine portion (C/N ratios around 5) and samples with a higher terrigenous portion (C/N ratios »15) are common.
At Site 659, most of the C/N ratios vary between 2 and 10 ( Fig. 9) , which may suggest high amounts of marine organic material (see above). However, the C/N data of these organic-carbon-lean sediments of Site 659 have to be inter preted with extreme caution. For example, in organiccarbon-lean sediments, the amount of inorganic nitrogen (fixed as ammonium ions in the interlayers of clay minerals) may become a major portion of the total nitrogen (e.g., Stevenson and Cheng, 1972; Muller, 1977) , causing (too) low C/N ratios. This can explain the very low C/N ratios of about 2 in the late Miocene interval of Site 659, which coincide with extremely low TOC values around 0.07% (Table 2 and Fig. 5 ). Hence, these C/N data should not be interpreted as an indicator of the quality of the organic matter.
Kerogen Microscopy
Kerogen microscopy analyses were performed on a se lected set of 18 samples from Site 658, covering the entire depth range at that site ( Fig. 10 and Figure 7 . Results of Rock-Eval pyrolysis displayed as hydrogen index vs. oxygen index diagram (Espitalie et al., 1977) . Black squares are data from Site 658. Open squares are from pelagic sediments of Site 657, open circles are from the slump interval of Site 657. terrigenous organic matter predominates over marine organic matter.
The main macerals in the organic matter fractions of these samples from Site 658 are alginite, liptodetrinite, inertinite, and vitrinite ( Fig. 10 and Table 5 ). Sporinite, common in near-shore sediments from other locations in the Atlantic (Cornford et al., 1979; Rullkotter et al., 1980 Rullkotter et al., , 1984 Stein et al., 1989) , was not observed in Site 658 sediments, with one exception: in Sample 108-658A-14H-7, 34 cm, minor amounts of 2% sporinite occur (Table 5) .
The amounts of the main marine maceral alginite vary between 12% and 60% of the total macerals. Liptodetrinites (liptinites too small to be classified into a specific liptinite group) range between 11% and 46%. Because alginite is the only liptinite identified in major amounts (i.e., terrigenous liptinites such as sporinites are virtually absent), we suggest that the liptodetrinites mainly represent marine organic mate rial. Thus, the total amount of marine organic matter (alginite plus liptodetrinite) ranges between 30% and 80% ( Fig. 10 and Table 5 ), which corroborates Rock-Eval and C/N results (Table 1) . Atomic H/C ratios of 1.0-1.5 suggest the dominance of marine organic matter (Table 6 ; cf. Tissot and Welte, 1984) .
The terrigenous macerals are dominated by inertinites; vitrinites are of secondary importance (Fig. 10) . Inertinites occur in abundances between 15% and 45%, and vitrinites vary between 0% and 18% (Table 5) . Only the two lowermost samples (120-658A-30X-1, 44 cm, and 120-658A-33X-2, 109 cm), which also have a larger amount of total terrigenous components (60%), show a somewhat higher content of vit rinite (40% and 27%, respectively; Table 5 ). The dominance of inertinites may point toward a stronger degradation (oxida tion) of the terrigenous plant fragments during transport (cf. Stein et al., 1989) . However, input of reworked kerogen particles of older more mature strata can also explain the higher inertinite values (see below).
Extractable Lipids
A gas chromatogram (GC) of the "total lipid" fraction of Sample 658A-21-6, 7-14 cm, is shown in the upper half of Figure 11 , while a GC of the aliphatic hydrocarbon fraction of the same sample is shown in the lower half. Long straightchain alkanes of terrigenous origin (C27-C33) are the most abundant compounds in the aliphatic fraction, but they have minor importance in the total lipid fraction. Marine-derived long-chain unsaturated ketones and steroids are always the most important classes of compounds in the total lipid fraction of samples from Site 658 (for details of compound identifica tion, see ten Haven et al., this vol.), but they have minor importance in the total lipid extracts from Sites 657 and 659 samples (not shown here). This testifies to the marine charac ter of the organic matter at Site 658.
Although estimates of the different sources of input (e.g., marine vs. terrigenous) can only be made on a semiquantitative level with the aid of biomarkers, it is clear from the GCs shown in Figure 11 that inspection of the aliphatic fraction alone would lead to an overestimate of terrigenous input. This is especially true for samples in which the early diagenetic conversion of steroids (from sterols via sterenes to steranes) is still not in an advanced stage. In the sample investigated here, sterols are still very abundant while sterenes (minor peaks eluting between n-C 28 and n-C 31 ; Fig. 11 ) are only present in subordinate amounts in the aliphatic hydrocarbon fraction.
Maturity of the Organic Matter
The low temperatures of maximum pyrolysis yield (T max ), which vary from 400°C to 430°C (Fig. 12, and Tables 1, 3 , and 4), indicate the low maturity of the organic matter at Sites 657, 658, and 659. The few vitrinite reflectance values determined in samples from Site 658 (92, 221, 225, and 293 mbsf) are very low (0.23%-0.27%; Fig. 12 and Table 5 ) and support the immaturity. The low abundance of sterenes/steranes in the hydrocarbon fraction and the high abundance of free extract able sterols also suggest that major diagenetic alterations of the organic matter have not yet occurred (see ten Haven et al., this vol.) . A second maximum in vitrinite reflectance (values around 0.5%; Fig. 12 ) may imply the presence of redeposited mate rial.
DISCUSSION
Our detailed study of Organofacies types and accumulation rates of marine and terrigenous organic matter give important information about the evolution of both the paleoclimate in northwest Africa and the paleoceanography in the northeast Atlantic during late Neogene and Quaternary times. In addi tion, evidence for sediment redeposition processes is available from the organic carbon data.
Terrigenous Organic Carbon: Implications for
Paleoclimate in Northwest Africa In general, the accumulation of organic carbon is mainly a function of rate of supply and/or rate of preservation. Since that part of the terrigenous organic matter that has survived long-distance transport to the sea is resistant to oxic decom position (Tissot et al., 1979; Waples, 1983) , changes in accu mulation rates of terrigenous organic matter mainly reflect changes in the rates of supply rather than changes in preser vation. Thus, these accumulation rates can be interpreted as an indicator of paleoclimate on the surrounding continent. -5, 40 4H-6, 40 5H-4, 40 6H-1, 59 8H-3, 40 10H-4, 40 13H-4, 40 15H-4, 44 16H-6, 40 16H-7, 40 17H-2, 40 17H-3, 40 20H-1, 40 21H-1,40 21H-2, 37 23H-5, 40 24H-3, 40 25H-6, 16 26H-3, 76 29H-5, 40 30H-4, 40 30H-6, 87 31H-2, 40 31H-3, 40 Nitrogen (wt%) High accumulation rates may imply intense fluvial runoff and dense vegetation cover in the source area due to humid climatic conditions. On the other hand, during times of arid climatic conditions (such as those typical for northwest Africa today), reduced vegetation cover and the lack of river dis charge result in decreased accumulation rates of terrigenous organic matter.
Because these changes in paleoclimate are also indicated by changes in the accumulation rates of the siliciclastic fraction (mainly quartz, clay minerals, and feldspars; cf. Stein, 1985; Tiedemann et al., this vol.) , accumulation rates of the organic and inorganic terrigenous fractions are compared in Figure 13 (for pollen data necessary for more quantitative estimates of paleoclimate, see Beug et al., this vol.) .
According to the record of the terrigenous sediment frac tions at Site 658, the evolution of climate in northwest Africa during approximately the last 3.7 Ma can be described as follows:
1. Prior to about 3.1 Ma, high accumulation rates of organic matter and quartz and nonquartz siliciclastics were recorded (Fig. 13) . The supply of terrigenous organic matter reaches maximum values of up to 0.3 gC • cm" 2 • 1000 yr _1 between 3.5 and 3.1 Ma. This is interpreted as humid climatic conditions dominating in northwest Africa during that time interval, which resulted in increased fluvial supply of organic matter and fine-grained siliciclastics (cf. Sarnthein et al., 1982; Stein, 1985; Tiedemann et al., this vol.) . The climatic situation must have been similar to that suggested for interglacials during the Quaternary (Fig. 14A) . 2. The interval between 3.1 and 2.45 Ma is characterized by long-term changes in both the organic and inorganic terrigenous sediment supply. The most drastic changes occur at the beginning of this interval, starting with the distinct decrease in organic matter supply at 3.1 Ma and followed by distinct decreases in the supply of quartz at 3 Ma and of nonquartz siliciclastics at 2.8 Ma (Fig. 13; cf. Tiedemann et al., this vol.) . The accumulation rates of terrigenous organic matter may reach values as low as 0.04 gC • cm -2 • 1000 yr _1 . This interval of major decrease in accumulation rates is interpreted as a transition from dominantly humid to more arid climatic conditions (cf. Sarnthein et al., 1982; Stein, 1985) . For a more detailed interpretation of the major nonsynchronous changes of accumulation rates of organic and siliciclastic fractions, further information about the composition of the nonquartz siliciclastic fraction (clay minerals, feldspars, etc.) is needed.
3. Between 2.45 and 1.6 Ma, low accumulation rates of terrigenous organic matter and nonquartz (clayey) siliciclas- , 3, 5, 10,15, 20, and 30) . C/N ratios of >> 15 suggest a higher terrigenous proportion; ratios around 10, a mixed type of organic matter; and ratios around 5, predominantly marine organic matter.
tics indicate reduced fluvial input due to a more arid climate in northwest Africa. On the other hand, increased accumulation rates of quartz were recorded in carbonate-poor (glacial) intervals. This may suggest increased eolian input during glacial times because of increase in aridity ( Fig. 14B ; cf. Stein, 1985; Tiedemann et al., this vol.) . Our interpretation of an increased./?wv/a/ supply of quartz between 3 and 3.4 Ma and an increased eolian input that caused the quartz maxima during the younger upper Pliocene/Pleistocene time interval could be verified by grain-size and (possibly) grain-shape analyses of the quartz fractions (Sarnthein and Koopmann, 1980; Mazzullo et al., 1985; Stein, 1985; Tiedemann et al., this vol.) . 4. The last 0.7 Ma are characterized by a distinct increase in amplitude of variations between low and high accumulation rates of quartz, nonquartz siliciclastics, and terrigenous or ganic matter (Fig. 13) . This is interpreted as a result of distinct cyclic changes in paleoclimate between arid and humid con ditions in northwest Africa. During glacial times, an arid climate was dominant, which caused a reduced fluvial input (i.e., decreased accumulation rates of clay and terrigenous organic matter) and an increased eolian quartz input (Fig.  14B) . On the other hand, a more humid climate prevailed during interglacial times, resulting in low accumulation rates of (eolian) quartz and higher rates of supply of (fluvial) clays and terrigenous organic matter ( Fig. 14A ; cf. Sarnthein and Koopmann, 1980; Sarnthein et al. mann et al., this vol). 1982; Stein, 1985 ; TiedeMarine Organic Carbon: Implications for Paleoproductivity off Northwest Africa The accumulation rates of marine organic matter are mainly controlled by the rate of supply (i.e., surface-water productivity) and/or the rate of preservation (Muller and Suess, 1979; Demaison and Moore, 1980; Arthur et al., 1984; Tissot and Welte, 1984) . A fully oxygen-deficient environment such as that found in the modern Black Sea and that is characterized as well by a high preservation rate of organic matter (Deuser, 1971; Degens and Ross, 1974 ) is very unlikely for the northwest African continental margin because biotur bation is common throughout the entire (organic-carbon-rich) sediment sequence at Site 658 (Ruddiman, Sarnthein, et al., 1988) . Thus, changes in the accumulation of marine organic carbon at Site 658 are interpreted as a signal mainly of changes in surface-water productivity in the upwelling area off north west Africa.
High oceanic fertility that causes high productivity off northwest Africa may result from fluvial nutrient supply and/or coastal upwelling of nutrient-rich waters ( Fig. 14 ; Sarnthein et al., 1982; Diester-Haass, 1983; Stein, 1985) . increased supply of terrigenous organic matter during the (humid) interglacials and increased upwelling occurs during the (arid) glacials (i.e., during times of reduced fluvial input), a comparison of the accumulation rates of marine and terrig enous organic matter may help to distinguish between dif ferent mechanisms causing the high productivity (cf. Stein et al., 1986; ten Haven et al., 1987) . In oxic environments, paleoproductivity can be roughly estimated from the accumulation rates of (marine) organic carbon and from a comparison of the (marine) organic carbon content and the sedimentation rate ( Figs. 13 and 15 ; Muller and Suess, 1979; Stein, 1986) . From these data, low produc tivity is typical for open-ocean, nonupwelling Sites 657 and 659. Productivity at these two sites was probably slightly higher during Pliocene-Pleistocene time than during late Mi ocene time (Fig. 15) . On the other hand, at Site 658, which is located inside the upwelling area off northwest Africa, dis tinctly higher oceanic productivity is obvious. Accumulation rates of marine organic carbon may reach values as high as 0.2 gC • cm -2 • 1000 yr -1 (Fig. 13) . It seems that these maximum values occur during the humid interglacial as well as during the arid glacial stages. In the organic carbon/sedimentation rate plot (Fig. 15) , data from Site 658 fall into "high-produc tivity field" A'. The influence of high productivity is also indicated by increased amounts of biogenic opal recorded in the sediments of Site 658 (Ruddiman, Sarnthein, et al., 1988; Mienert et al., 1988) .
For more quantitative estimates of changes in paleoproduc tivity, equations are available to calculate surface-water pro ductivity from sediment data (Muller and Suess, 1979; Stein, 1986; Sarnthein et al., 1987) . In Table 7 , mean values of paleoproductivity for different time intervals are summarized for Sites 658 and 659.
At Site 659, paleoproductivity values vary between 20 and 50 gC • m -2 • yr -1 (Table 7) . These values are typical for open-marine environments (Romankevich, 1984) . At up welling Site 658, the values vary between 160 and 320 gC • m~2 • yr -1 (Table 7) , reflecting the position of Site 658 inside a high-productivity area. These paleoproductivity values esti mated from the organic carbon data at Site 658 are similar to those measured in the upwelling area off northwest Africa today (150 to >325 gC • m" 2 • yr" 1 ; Schemainda et al., 1975) . In general, productivity estimated for glacial intervals is very similar to (slightly higher than) that estimated for inter glacial intervals. This may imply that a higher fluvial nutrient supply during humid interglacials and a higher nutrient supply from intensified upwelling during arid glacials may have had similar effects on surface-water productivity off northwest Africa (Fig. 14; Diester-Haass, 1983; Stein, 1985) .
High productivity values were also estimated for the intervals of carbonate minima between 3.5 and 3.1 Ma (Table 6) . During this time, accumulation rates of both marine and terrigenous organic matter reached their maxi mum values (Fig. 13) . The carbonate minima of this interval are interpreted as times of slightly lowered sea-level and semiarid climates in northwest Africa (cf. Stein, 1985) . During this time, terrigenous organic matter as well as nutrients could be transported close to the shelf edge. These fluvial nutrients, together with nutrients supplied by upwelled waters, may have resulted in increased productivity in surface waters near the shelf edge/upper slope area (i.e., closer to the location of Site 658).
For determining more exactly the relationships between paleoclimate in northwest Africa and paleoproductivity in the eastern subtropical Atlantic (i.e., especially the leads and lags of the different signals), a high-resolution study on sediments of Site 658, including stable isotope and pollen data, should be Note: For the time interval from 0 to 2.45 Ma, a (from intervals with minimum carbonate content) is interpreted as glacial, and b (from intervals with maximum carbonate content), as interglacial stages. I = Paleoproductivity values calculated according to Stein (1986a) ; for comparison, productivity values (II) calculated according to Sarnthein et al. (1987) are shown. Wet-bulk density, porosity, mean sedimentation rates, and water depths (Site 658: 2260 m; Site 659: 3070 m) required for calculation of paleoproductivity are from Ruddiman, Sarnthein, et al. (1988) . The amount of marine organic carbon is shown as a percent of the whole sample. For further explanations, see "Methods" section, this chapter.
added to this more general study, which has concentrated on the long-term changes.
Organic-Carbon-Rich Sediments at Site 657: Implications for Turbidites and Slumping at the Northwest African Margin At Site 657, normal pelagic sedimentation is often interrupted by events of turbidite flows and slumping processes (Faugeres et al., this vol.) . A few of these events are also documented in the sediment samples investigated for organic carbon content. In gen eral, organic carbon contents for the sediments at Site 657 are very low, as is typical for open-marine environments. The samples from the turbidites and the slump, however, have very high TOC values of l%-3% (Fig. 5) . Such phenomena are also reported for adjacent deep-sea basins in the eastern subtropical Atlantic (e.g., Weaver and Kuijpers, 1983; Colley et al., 1984) .
The quality of the organic matter in these redeposited sediments is very similar to that found in the organic-carbon-rich sediments at Site 658, as indicated by Rock-Eval and organic carbon/nitrogen data ( Fig. 7 and Table 3 ). Thus, the source area of both these turbidites and the slump is very likely to be the upwelling-influenced, high-productivity area of the upper slope (Fig. 14) . Because the organic matter in turbidites and slumps has been rapidly buried after redeposition in the deep sea, the residence time in zones of bioturbation and oxic decomposition is short. In this way, higher amounts of (marine) organic matter can also be preserved in an oxygen-rich, open-marine environment (cf. Jones, 1983; Arthur et al., 1984) . In the upper parts of such (turbiditic) layers, the organic matter can be remineralized by post-depositional oxidation fronts (cf. Colley et al., 1984) , which should be recognizable in a detailed investigation of the turbidite sequences.
CONCLUSIONS
The results of our detailed organic geochemical study of sedi ments from Sites 657, 658, and 659 can be summarized as follows:
1. The sediments of nonupwelling Sites 657 and 659 display low organic carbon values of less than 0.5%, values typical for normal open-marine environments. In four turbiditic and slumping se quences at Site 657, high TOC values of l%-3% have been recorded.
2. At upwelling Site 658, high TOC values of 0.5%-4% occur. Short-term fluctuations in organic carbon with periods between about 20,000 and 100,000 yr (i.e., "Milankovitch-type" cycles) are typical, suggesting that changes in climate are the mechanisms for these variations. High hydrogen index values, low C/N ratios, and high amounts of alginite and liptodetrinite imply that the organic carbon is a mixture of marine and terrigenous matter (i.e., a kerogen type 11/111), with a dominance of the marine portion.
3. At open-marine nonupwelling Site 659, mean paleoproduc tivity varies between 20 and 50 gC • m~2 • y" l . At upwelling Site 658, mean productivity is distinctly higher (160-320 gC • m _2 -y _1 )-The changes in productivity at Site 658 are controlled by changes in the nutrient supply from upwelled waters and in the fluvial nutrient supply.
4. The distinct decrease in accumulation rates of terrigenous sediment fractions at Site 658 between 3.1 and 2.45 Ma indicates the change from a dominantly humid climate prior to 3.1 Ma to a climate of arid/humid (semiarid) cycles typical of the last 2.45 Ma. During the last 0.7 Ma, the amplitude of these climatic cycles distinctly increased, indicated by high-amplitude variations of ac cumulation rates of organic carbon and siliciclastic sediment frac tions.
5. Vitrinite reflectance values of 0.23%-0.27% and low T^ values of 400°C-425°C indicate the immaturity of organic matter at Site 658. Figure 13 . Accumulation rates of organic carbon (bottom), quartz (middle), and nonquartz siliciclastics (top) in g • cm -2 • 1000 yr" 1 at Site 658. Based on the kerogen microscopy data, accumulation rates of terrigenous and marine organic carbon are separated in record (A). Black arrows indicate times of major changes in accumulation rates. Accumulation rates were calculated using the detailed sedimentation rate data of Sarnthein and Tiedemann (this vol.) . Figure 15 . Correlation between (marine) organic carbon values and sedimenta tion rates. The distinction between fields A, A', and B is based on data from Holocene to Miocene sediments (Muller and Suess, 1979; Stein, 1986b) . Field A marks positive correlation between organic carbon content and sedimentation rates under oxic deep-water conditions. Field A' indicates conditions of high oceanic productivity, characterized by high organic carbon contents and high sedimentation rates. In general, increased sedimentation rates coincide with increased productivity. Field B indicates data derived from samples deposited under anoxic deep-water conditions. Further details in Stein (1986b) . Site 657:
(1) Pliocene-Pleistocene (0-4.5 Ma); (2) latest Miocene (6-7 Ma); and (3) late Miocene (7-8.5 Ma). Site 658: (1) Pleistocene (0-0.7 Ma); (2) latest Pliocene (1.6-2.45 Ma); and (3) late Pliocene (2.45-3.6 Ma). Site 659: (1) PliocenePleistocene (0-4.5 Ma); (2) late Miocene (4.5-8.5 Ma); and (3) late Miocene (8.5-10 Ma).
